Abstract
Introduction
Radio frequency identification (RFID) technology provides the means for both wireless identification and wireless tracking and has therefore gained increasing popularity in a wide variety of applications over the past decade. It relates to short-range wireless communications and uses the radio frequency spectrum to read information stored in a tag, usually attached to the object that needs to be identified [1] [2] [3] . RFID technology can be roughly divided into four categories depending on the frequency band within which it is operated: low frequency (LF, 125 KHz), high frequency (HF, 13.56 MHz), ultrahigh frequency (UHF, 860~960 MHz), and microwave frequency (MW, 2.45 GHz, 5.8 GHz). Generally speaking, the higher the frequency band, the greater is the reading range that an RFID system can achieve. Recently, 2.45 GHz-band RFID systems are becoming more and more attractive because they are able to provide better features such as higher reading speed and greater reading range than other RFID systems operating within a different frequency band [4] [5] .
A typical RFID system consists of a reader, reader antenna, host computer, software system, and a tag. The reader antenna is one of the important components of the RFID system. Usually, it must be compact, linearly or circularly polarized, easy to be integrated, and low cost, but it must also provide good impedance matching [6] [7] . A high-gain reader antenna is desired in some practical applications such as long read range applications. Designing a high-gain antenna has always been a challenging task, and over the years, intensive research efforts have been focused on RFID applications.
Yagi-Uda type antennas are characterized by relatively high gain, simple structure, and low front-toback (F/B) ratio, and they have been extensively studied. A microstrip Yagi-Uda antenna consists of a driven unit along with one or more parasitic units, which are arranged on the same substrate in a way that the overall antenna characteristics are enhanced [8] . However, in available RFID literature, microstrip Yagi-Uda antennas are rarely used as reader antennas; this is mainly because the size of a conventional design microstrip Yagi-Uda array is larger than that expected in practical RFID applications [9] [10] . 1 In this paper, we propose a compact microstrip Yagi-Uda type antenna for 2.45 GHz RFID handheld readers. The proposed antenna comprises a microstrip dipole (serving as the driver), a director, and a suspended microstrip line. The dipole is fed from the microstrip line via a metalized via-hole. A specially designed microstrip balun is also introduced .The ground plane is designed to act as a reflector that contributes to enhancing the antenna gain. Parametric studies have been conducted to investigate the effect of key geometrical parameters on the return loss as well as the gain of the antenna. Details of the antenna design and the simulation and experiment results are presented and discussed.
Antenna structure
The configuration of the proposed antenna is shown in Fig. 1 , in which a microstrip dipole (serving as a driver), a metal strip (serving as the director), and a segment of parallel dual transmission line are etched on the top layer of a double-sided FR4 printed circuit board (PCB) with a size of 65 mm × 55 mm, while a 50-Ω microstrip line with line width W S of 3.0 mm is etched on the bottom layer of the PCB. A metalized via-hole with diameter Φ of 1 mm is used to connect the two copper-foil layers on the position of V. It is well known that dipole antennas are of balanced type; they need balanced feeding, for example, through parallel dual transmission lines. However, microstrip lines are of the unbalanced type. Thus, a balun needs to be adapted for a microstrip dipole antenna. In our design, as shown in Fig.1 , the excitation signal is fed from a sub-miniaturized A-type (SMA) connector into the microstrip line on the bottom layer and then propagates to the top layer through the via-hole. Since the currents on the microstrip line and the parallel lines are following toward opposite directions, the oddmode operation of the balun is ensured, and accordingly, the balanced excitation of the microstrip dipole is achieved.
Microstrip Yagi-Uda antennas can be designed according to well-known guidelines. For certain dielectric materials, the length of the driver depends on the resonant frequency, while the width affects the impedance-varying slope. The dimension ratio between the director and the dipole is estimated by simulations to be equal to approximately 0.85.The space between the dipole and the director is selected to be 6 mm, which is approximately equal to 0.1λ e (where λ e is the wavelength in the substrate). A tapered gap between two radiated arms is employed to reduce their electromagnetic coupling. Specifically, the gap is denoted as width W R on the upper side and W G on the lower side, respectively. In order to achieve good impedance matching between the microstrip line and the dipole, the dual transmission line needs to be designed with very high characteristic impedance by properly selecting the parameter W G . The length of the dual transmission line is denoted as L V , which should be equal to approximately 0.25λ e . Moreover, the ground plane, which acts as a reflector, is approximately 0.3λ e away from the dipole. With the aid of Ansoft HFSS software, all geometrical parameters of the proposed compact antenna were calculated and optimized while maintaining the resonant frequency of the antenna within the desired band. The FR4 PCB is characterized by a dielectric constant ε r of 4.4, a dielectric loss tangent tanδ of 0.02, and a thickness of 1.6 mm. The dimensions (in millimeters) of the antenna prototype shown in Fig. 1 
Results and discussion
The antenna design was prototyped and a photograph of antenna prototype was shown in Fig.2 . The input impedances of the antenna prototype was measured by using the Agilent 8753ES network analyzer, The simulated and measured return losses are shown in Fig.3 , where the desired agreement is observed. The measured impedance matching for a 10-dB return loss is achieved for frequencies over the 2.34 -2.72 GHz range. Obviously, this frequency range covers the required 2.45 GHz RFID frequency band. Moreover, the maximum measured return loss (18 dB) was observed at a frequency of 2.455 GHz and the 10-dB relative bandwidth was estimated to be 15.5%. Besides, a peak gain of approximately 7.5 dBi was measured. Fig. 4 shows the simulated normalized radiation patterns of the antenna operating at frequency of 2.45 GHz. As expected, the maximum radiation was observed to be along the y-axis. 
Parametric studies
Parametric studies are conducted to provide more detailed information about the antenna design and optimization. The parametric studies were carried out with the aim of investigating the effects of key geometrical parameters on the return loss as well as the gain of the proposed antenna. The parameters under study include the width of the dipole and the director, the size of the gap, the distance between the dipole and the director and the distance between the dipole and the ground. In order to better understand the influence of the parameters on the performance of the antenna, only one parameter at a time will be varied, while others are kept unchanged.
The width of the dipole L 2
It is well know that the length of the dipole determine the resonant frequency of the antenna, so we focus our studies on the effect of the width of the dipole L 2 on the performance of the antenna . Fig. 5 shows the effects of L 2 on the return loss of the antenna. It is found that the width of the dipole L 2 shows a greater effect on the return loss of the antenna, one can observe that the impedance matching improve but the bandwidth narrow with a decreasing L 2 .Moreover ,when L 2 larger than 12 mm, the impedance matching deteriorated. In practical RFID application, L 2 should be optimized for specific requirement.
The width of the director L 1
The study shows that the width of the director L 1 has a slight effect on impedance matching, as illustrated in Fig.6 . However, simulation studies show that a very narrow director causes a significant reduction of the peak gain of the proposed antenna, the reason for this is that the enhancement of the peak gain of Yagi-type antenna is caused by the energy coupling between the driver and the director, when L 1 is too narrow, the resonant frequency of the director drift away from the resonant frequency of the driver and thus weaken the coupling. Furthermore, a too larger value of L 1 not only increases the size but also deteriorates the impedance matching of the antenna. In practical design, the director with a width of 0.05λ e ~ 0.1λ e is recommended. Fig. 7 shows the return loss of the antenna with different W G while other geometrical parameters are kept fixed. It is observed that while W G was 1.4 mm, the antenna achieved good impedance matching at 2.45 GHz with relative bandwidth (return loss ≥ 10 dB) of 16.3% .Moreover, multi-nulls were observed when W G increase, and the impedance matching deteriorated when W G ≥1.8 mm. The main reason for this is that W G is very sensitive to the characteristic impedance as well as the equivalent electrical length of the parallel dual transmission line. Thus, an improperly selected value of W G will xoy-Plane
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certainly affect the performance of the microstrip balun and ultimately result in impedance mismatching. Fig. 8 exhibits the effect of varying W R on the return loss of the antenna. Similar to W G , W R has a greater effect on the impedance matching. The operating band is shifted down and impedance matching improves as W R increases. Furthermore, the effect is more severe at higher frequencies.
4.4.
The distance between the dipole and the director l 2 Fig. 9 and Fig. 10 exhibit the effect of varying l 2 on the return loss as well as the gain of the antenna respectively. The study shows that the distance between the dipole and the director l 2 has a slight effect on impedance matching of the proposed antenna, as shown in Fig. 9 .When l 2 increased, the operating band of the antenna shifted up slightly. Furthermore, as exhibited in Fig. 10 , the gain of the antenna increases with a decreasing l 2 , especially at the higher frequencies. Fig. 11 shows the simulated return loss of the antenna with varying L G . One can observe that varying L G hardly affects the 10-dB absolute bandwidth value of the antenna, the resonance frequency decreases with a decreasing L G and thus benefit the size reduction of the antenna. However, a relatively smaller L G value will also decreases the gain of the microstrip Yagi-Uda antenna at the frequency of 2.45 GHz. To balance the reduction in the size with the decreasing in the gain of the antenna, we chose L G to be 18 mm and then adjusted W 2 to 11.5 mm to make the antenna resonant at the center frequency of 2.45 GHz. Fig. 12 exhibits the effect of varying L G on the gain of the antenna. It is observed that the effect is more severe at lower frequencies. A peak gain of 7.5 dBi was observed at 2.45 GHz when L G =18 mm, which is approximately equal to one third of the wavelength in the substrate. 
The distance between dipole and the ground L G
RFID validation: reading-range measurement
To validate the performance of the proposed antenna in RFID reader applications, the reading-range measurement was carried out using the proposed antenna incorporated into a 2.45 GHz RFID fixed reader to detect a tag. The CY-SFRZGG-200 reader and a passive 2.45 GHz tag were used; the reader can operate at the RFID microwave frequency band of 2.4 -2.5 GHz. The measurement was performed in the open air and with 4-W effective isotropic radiated power (EIRP). The results are tabulated in Table I , the maximum reading range of 9.2 meters has been achieved at boresight (along the y-axis ) and 6.2 -6.7 meters is achieved at the directions of ±30 0 offset from the boresight. Moreover, another measurement was carried out using the proposed antenna incorporated into the CY-RMZ-202 handheld reader to detect an active tag; a maximum reading range of about 58 meters was achieved. Clearly, the measurement results is appropriate for 2.45 GHz RFID handheld applications. 
Conclusion
In this paper, a linearly polarized microstrip Yagi-Uda type antenna for 2.45 GHz RFID handheld readers is proposed. The properties of the microstrip balun and the printed dipole were analyzed. Parametric studies were also conducted to investigate the effects of key geometrical parameters on the impedance matching and the gain of the proposed antenna. Simulation and measurement results show that the proposed antenna achieved good impedance matching, desired directional radiation characteristics and appropriate reading range at the frequency of 2.45 GHz. Moreover, the antenna is compact, light, simple, and low cost, and it is suitable for use in 2.45 GHz RFID systems as a handheld reader antenna.
